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Provide A Semiconductor Substrate Having A
Bottom Surface

A 4

Perform FEOL And MOL Processing To Form One Or
More Semiconductor Devices At The Top
Surface Of The Semiconductor Substrate

'

Form A 1% Dielectric Layer Above The Semiconductor
Substrate

For A 1%t Via Through The 1% Dielectric Layer

A 4

Form A 2" Dielectric Layer
Above The 1% Dielectric Layer

Form A Dual Damascene Structure Comprising An Insulated
Wire And An Insulated 2™ Via, Wherein The
Insulated Wire Is In The 27 Dielectric Layer And
Electrically Connects The 1% Via And The Insulated
27 Via And Wherein The Insulated 2™ Via Is A TSV
That Extends Vertically Into The Semiconductor Substrate

v

Perform Additional BEOL Processing To
Complete The Dual Damascene Structure And
The Semiconductor Chip (Including
Exposing The Insulated 2™ Via At The Bottom
Surface Of The Semiconductor Substrate)

FIG. 4
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1
SEMICONDUCTOR CHIP WITH A DUAL
DAMASCENE WIRE AND
THROUGH-SUBSTRATE VIA (TSV)
STRUCTURE

BACKGROUND

The methods and structures disclosed herein relate to
through-substrate vias (TSVs) for interconnecting chips in
stacked-chip modules and, more particularly, to a method of
forming a semiconductor chip with a dual damascene insu-
lated wire and insulated TSV.

Stacked-chip modules (also referred to herein as stacked-
chip packages, three-dimensional (3D) chip stacks or 3D
multi-chip modules) have been developed to reduce form
factor, interface latency and power consumption and to fur-
ther increase in bandwidth. These benefits stem from the fact
that, within a stacked-chip module, signals are passed
through the chips using simple wire-based interconnects
(e.g., through-substrate vias (TSVs) and micro-controlled
collapsed chip connections (C4 connections)). TSV are typi-
cally formed during back end of the line (BEOL) processing
using a single damascene technique. Once the TSVs are
formed, additional BEOL processing is performed to electri-
cally connect the TSVs to on-chip devices. The BEOL pro-
cessing steps used to form TSVs and subsequently electri-
cally connect the TSVs to on-chip devices can be time-
consuming and costly.

SUMMARY

In view of the foregoing, disclosed herein is a semiconduc-
tor chip having a dual damascene insulated wire and insulated
through-substrate via (TSV) structure, which allows for inte-
gration into a stacked-chip module (i.e., into a three-dimen-
sional (3D) chip stack). Also disclosed herein are methods of
forming such a semiconductor chip. Specifically, the methods
incorporate a dual damascene technique wherein a trench and
via opening are formed in dielectric layers above a semicon-
ductor substrate such that the trench is above a first via (e.g.,
to an on-chip device or lower metal level wire) and the via
opening is positioned laterally adjacent to the first via and
extends vertically from the bottom surface of the trench and
into the semiconductor substrate to some predetermined
depth. Dielectric spacers are formed on the vertical sidewalls
of'the trench and via opening. Then, a metal layer is deposited
in order to simultaneously form an insulated wire in the trench
and an insulated second via and, particularly, an insulated
through-substrate via (TSV) in the via opening aligned below
the trench. Thus, the insulated wire electrically connects the
insulated TSV to the first via and, thereby to an on-chip device
or lower metal level wire below. Additional back end of the
line (BEOL) processing can be performed to complete the
dual damascene structure and the semiconductor chip. This
additional BEOL processing can comprise, for example,
forming upper metal level vias and/or wires, forming solder
pad(s) for controlled collapsed chip connection(s) (C4-con-
nection(s)), thinning the semiconductor substrate to expose
the insulated TSV at the bottom surface, etc. By using such a
dual damascene technique the costs and processing times
associated with insulated TSV formation and, thereby semi-
conductor chip formation can be reduced.

More particularly, disclosed herein is a semiconductor chip
having a dual damascene insulated wire and insulated
through-substrate via (TSV) structure in order to for integra-
tion into a stacked-chip module (i.e., for integration into a
three-dimensional (3D) chip stack. The semiconductor chip
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2

can comprise a semiconductor substrate having a bottom
surface. The semiconductor chip can further comprise a first
dielectric layer above the semiconductor substrate and, par-
ticularly, above a top surface of the semiconductor substrate
opposite the bottom surface. A first via can extend vertically
through the first dielectric layer (e.g., to a lower metal level
wire or to a semiconductor device on the top surface of the
semiconductor substrate) and a second dielectric layer can be
positioned above the first dielectric layer.

The semiconductor chip can further comprise a dual dama-
scene structure. This dual damascene structure can comprise
a trench, which extends vertically through the second dielec-
tric layer to the first via and which is relatively wide as
compared to the first via, and a via opening that is offset from
the first via and that extends vertically from the bottom sur-
face of the trench through the bottom surface of the semicon-
ductor substrate. Dielectric spacers can be positioned later-
ally adjacent to and can cover the vertical sidewalls of both
the via opening and the trench within the dual damascene
structure from the bottom surface of the semiconductor sub-
strate to the top surface of the second dielectric layer. A single
metal layer can fill the via opening so as to form an insulated
second via and, particularly, the insulated TSV. This same
metal layer can further fill the trench so as to form the insu-
lated wire, which electrically connects the first via and the
insulated second via (i.e., to the insulated TSV).

Generally, disclosed herein are methods of forming a semi-
conductor chip having a dual damascene insulated wire and
insulated through-substrate via (TSV) structure. The method
can comprise providing a semiconductor substrate having a
bottom surface. A first dielectric layer can be formed above
semiconductor substrate and, particularly, above a top surface
of the semiconductor substrate opposite the bottom surface
and a first via can be formed that extends vertically through
the first dielectric layer (e.g., to either alower metal level wire
or to a semiconductor device on the top surface of the semi-
conductor substrate). After the first via is formed, a second
dielectric layer can be formed above the first dielectric layer.

Next, the method can comprise forming the dual dama-
scene structure comprising the insulated wire and an insu-
lated second via and, particularly, the insulated through-sub-
strate via (TSV). Specifically, this dual damascene structure
can be formed such that the insulated wire is in the second
dielectric layer and electrically connects the first via and the
insulated second via and such that the insulated second via
extends vertically from the insulated wire into the semicon-
ductor structure to some predetermined depth.

To form such a dual damascene structure, atrench and a via
opening can each be formed (e.g., using conventional litho-
graphic patterning and etch techniques). The trench can be
patterned and etched such that it extends vertically through
the second dielectric layer to the first via and such that it is
relatively wide as compared to the first via. The via opening
can be patterned and etched such that it is offset from the first
via and further such that it extends vertically from the bottom
surface of the trench and into the semiconductor substrate to
the predetermined depth. Once the trench and via opening are
formed, dielectric spacers can be formed on the vertical side-
walls of the via opening and the trench. Specifically, the
dielectric spacers can be formed such that they are positioned
laterally adjacent to and covering the vertical sidewalls of
both the via opening and the trench from the bottom surface of
the semiconductor substrate to the top surface of the second
dielectric layer. After the dielectric spacers are formed, a
metal layer can be deposited (e.g., using conventional elec-
trodeposition techniques) so as to simultaneously fill the via
opening and the trench, thereby forming the insulated second
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via (i.e., the insulated TSV) and the insulated wire, which
electrically connects the first via and the insulated second via.

Additional back end of the line (BEOL) processing can
then be performed to complete the dual damascene structure
and the semiconductor chip. The additional BEOL processing
can comprise, for example, forming upper metal level via
and/or wires, forming solder pad(s) for controlled collapsed
chip connection(s) (C4-connection(s)), thinning the semicon-
ductor substrate to expose the insulated TSV at the bottom
surface, etc.

One specific method of forming a semiconductor chip hav-
ing a dual damascene insulated wire and insulated through-
substrate via (TSV) structure can comprise providing a semi-
conductor substrate having a bottom surface. After middle of
the line (MOL) processing (e.g., device formation, pre-metal
dielectric formation, and device contact formation), multiple
lower metal levels, including at least one lower metal level
wire, can be formed in a stack of lower inter-metal level
dielectric layers above the semiconductor substrate and, par-
ticularly, above the pre-metal level dielectric layer.

A first upper intra-metal dielectric layer can be formed on
the stack and a first via can be formed that extends vertically
through the first upper intra-metal dielectric layer to the lower
metal level wire within the stack below. After the first via is
formed, a second upper intra-metal dielectric layer can be
formed above the first upper intra-metal dielectric layer.

Next, this method can comprise forming a dual damascene
structure comprising an insulated wire and an insulated sec-
ond via and, particularly, an insulated through-substrate via
(TSV). Specifically, this dual damascene structure can be
formed such that the insulated wire is in the second upper
intra-metal dielectric layer and electrically connects the first
via and the insulated second via (i.e., the insulated TSV) and
such that the insulated second via extends vertically from the
insulated wire to the bottom surface of the semiconductor
substrate.

To form such a dual damascene structure, a trench and a via
opening can each be formed (e.g., using conventional litho-
graphic patterning and etching techniques). The trench can be
patterned and etched such that it extends vertically through
the second upper intra-metal dielectric layer to the first via
and such that it is relatively wide as compared to the first via.
The via opening can be patterned and etched such that it is
offset from the first via and further such that it extends verti-
cally from the bottom surface of the trench to the bottom
surface of the semiconductor substrate. Once the trench and
via opening are formed, dielectric spacers can be formed on
the vertical sidewalls of the via opening and the trench. Spe-
cifically, the dielectric spacers can be formed such that they
are positioned laterally adjacent to and cover the vertical
sidewalls of both the via opening and the trench from the
bottom surface of the semiconductor substrate to the top
surface of the second upper intra-metal dielectric layer. After
the dielectric spacers are formed, a metal layer can be depos-
ited (e.g., using conventional electrodeposition techniques)
so as to simultaneously fill the via opening and the trench,
thereby forming the insulated second via (i.e., the insulated
TSV) and the insulated wire, which electrically connects the
first via and the insulted second via.

Additional back end of the line (BEOL) processing can
then be performed to complete the dual damascene structure
and the semiconductor chip.

The additional BEOL processing can comprise, for
example, forming a third upper inter-metal level dielectric
layer on the second upper inter-metal level dielectric layer
above the dual damascene structure and forming a third via
that extends vertically through the third upper inter-metal
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level dielectric layer to the insulated wire. Depending upon
the metal level of the third upper inter-metal level dielectric
layer, an upper metal level wire can be formed on the third
upper inter-metal level dielectric layer immediately adjacent
to the third via. Formation of this upper metal level wire can
be followed by additional upper metal level via and/or wire
formation, if necessary, and solder pad formation for con-
trolled collapsed chip connections (C4 connections). Alter-
natively, if no additional upper metal level vias and/or wires
are required, a solder pad for a controlled collapsed chip
connection (C4 connection) can be formed on the third upper
inter-metal level dielectric layer immediately adjacent to the
third via.

The additional BEOL processing can further comprise
thinning the semiconductor substrate to expose the insulated
TSV at the bottom surface, forming an insulator layer on the
bottom surface, forming an opening in the insulator layer
aligned with the insulated TSV, forming a contact pad at the
opening immediately adjacent to the insulated TSV, etc.

BRIEF DESCRIPTION OF THE DRAWINGS

The structures and methods disclosed herein will be better
understood from the following detailed description with ref-
erence to the drawings, which are not necessarily drawn to
scale and in which:

FIG. 1A is a cross-section diagram illustrating a semicon-
ductor chip having a dual damascene insulated wire and insu-
lated through-substrate via (TSV) structure;

FIG. 1B is a cross-section diagram illustrating another
semiconductor chip having a dual damascene insulated wire
and insulated through-substrate via (TSV) structure;

FIG. 1C is a cross-section diagram illustrating yet another
semiconductor chip having a dual damascene insulated wire
and insulated through-substrate via (TSV) structure;

FIG. 2A is a cross-section diagram illustrating an insulated
via having a rectangular shape;

FIG. 2B is a cross-section diagram illustrating an insulated
via having a circular shape;

FIG. 3A is a cross-section diagram illustrating an insulated
via having a rectangular-ring shape;

FIG. 3B is a cross-section diagram illustrating an insulated
via having a circular-ring shape;

FIG. 4 is a flow diagram illustrating generally a method of
forming a semiconductor chip having a dual damascene insu-
lated wire and insulated TSV structure;

FIG. 5 is a flow diagram illustrating in greater detail a
method of forming a semiconductor chip such as the semi-
conductor chip of FIG. 1A or FIG. 1B;

FIG. 6 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 5;

FIG. 7 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 5;

FIG. 8 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 5;

FIG. 9 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 5;

FIG. 10 is a flow diagram further detailing the process 516
of FIG. 5;

FIG. 11 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 10;
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FIG. 12 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 10;

FIG. 13 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 10;

FIG. 14 is a flow diagram illustrating in greater detail a
method of forming a semiconductor chip such as the semi-
conductor chip of FIG. 1C;

FIG. 15 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 14;

FIG. 16 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 14;

FIG. 17 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 14;

FIG. 18 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 14;

FIG.19is a flow diagram further detailing the process 1412
of FIG. 14,

FIG. 20 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 19;

FIG. 21 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 19; and,

FIG. 22 is a cross-section diagram illustrating a partially
completed semiconductor chip formed according to the flow
diagram of FIG. 19.

DETAILED DESCRIPTION

As mentioned above, stacked-chip modules (also referred
to herein as stacked-chip packages, three-dimensional (3D)
chip stacks or 3D multi-chip modules) have been developed
to reduce form factor, interface latency and power consump-
tion and to further increase in bandwidth. These benefits stem
from the fact that, within a stacked-chip module, signals are
passed through the chips using simple wire-based intercon-
nects (e.g., through-substrate vias (TSVs) and micro-con-
trolled collapsed chip connections (C4 connections)). TSVs
are typically formed during back end of the line (BEOL)
processing using a single damascene technique. Once the
TSVs are formed, additional BEOL processing is performed
to electrically connect the TSVs to on-chip devices. The
BEOL processing steps used to form TSVs and subsequently
electrically connect the TSV to on-chip devices can be time-
consuming and costly.

In view of the foregoing, disclosed herein is a semiconduc-
tor chip having a dual damascene insulated wire and insulated
through-substrate via (TSV) structure, which allows for inte-
gration into a stacked-chip module (i.e., into a three-dimen-
sional (3D) chip stack). Also disclosed herein are methods of
forming such a semiconductor chip. Specifically, the methods
incorporate a dual damascene technique wherein a trench and
via opening are formed in dielectric layers above a semicon-
ductor substrate such that the trench is above a first via (e.g.,
to an on-chip device or lower metal level wire) and the via
opening is positioned laterally adjacent to the first via and
extends vertically from the bottom surface of the trench and
into the semiconductor substrate. Dielectric spacers are
formed onthe vertical sidewalls of the trench and via opening.
Then, a metal layer is deposited in order to simultaneously
form an insulated wire in the trench and an insulated second
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via and, particularly, an insulated through-substrate via
(TSV) in the via opening aligned below the trench. Thus, the
insulated wire electrically connects the insulated TSV to the
first via and, thereby to an on-chip device or lower metal level
wire below. Additional back end of the line (BEOL) process-
ing can be performed to complete the dual damascene struc-
ture and the semiconductor chip. This additional BEOL pro-
cessing can comprise, for example, forming upper metal level
vias and/or wires, forming solder pad(s) for controlled col-
lapsed chip connection(s) (C4-connection(s)), thinning the
semiconductor substrate to expose the insulated TSV at the
bottom surface, etc. By using such a dual damascene tech-
nique the costs and processing times associated with insu-
lated TSV formation and, thereby semiconductor chip forma-
tion can be reduced.

More particularly, referring to FIGS. 1A-1C, disclosed
herein is a semiconductor chip 100A, 100B, 100C having a
dual damascene insulated wire and insulated through-sub-
strate via (TSV) structure 120, which allows for integration
into a stacked-chip module (i.e., for integration into a three-
dimensional (3D) chip stack). The semiconductor chip 100A,
100B, 100C can comprise a semiconductor substrate 101
having a bottom surface 102 and a top surface 103 opposite
the bottom surface. For purposes of this illustration, the semi-
conductor substrate 101 is shown as a bulk semiconductor
substrate (e.g., a bulk silicon (Si) substrate). However, it
should be understood that, alternatively, this semiconductor
substrate can comprise a semiconductor-on-insulator (SOI)
substrate (e.g., a silicon-on-insulator substrate) or any other
suitable type of semiconductor substrate.

The semiconductor chip 100A, 100B, 100C can comprise
one or more semiconductor devices 105 (e.g., field effect
transistors, bipolar transistors, capacitors, or any other type of
semiconductor device) at the top surface 103 of the semicon-
ductor substrate 101.

The semiconductor chip 100A, 100B, 100C can further
comprise a first dielectric layer 111 above the semiconductor
substrate 101 and, particularly, above the top surface 103 of
the semiconductor substrate 101 opposite the bottom surface
102. A first via 116 can extend vertically through the first
dielectric layer 111 and, as discussed in greater detail below,
can land either on a lower metal level wire 141 (as shown in
the semiconductor chips 100A and 100B of FIGS. 1A and 1B,
respectively) or on an on-chip semiconductor device 105 (as
shown in the semiconductor chip 100C of FIG. 1C). In any
case, the first via 116 can comprise a via opening extending
vertically through the first dielectric layer 111. This via open-
ing can be filled with a metal layer (e.g., a copper (Cu) layer)
and can, optionally, be lined with one or more of the following
relatively thin conformal layers: a barrier layer (e.g., a con-
formal layer of titanium (T1), titanium nitride (TiN), titanium
silicon nitride (TiSiN), tantalum (Ta), tantalum nitride (TaN),
tantalum silicon nitride (TaSiN), tungsten (W), tungsten
nitride (WN), tungsten silicon nitride (WSiN) or any other
suitable metal or metal alloy layer that can prevent metal
outdiftusion, such as copper (Cu) outdiffusion), an adhesion
layer (e.g., a conformal layer of tantalum (Ta), ruthenium
(Ru), a tantalum ruthenium (TaRu) alloy or any other suitable
metal or metal alloy that promotes adhesion of a metal seed
layer, such as a copper (Cu) seed layer, to the barrier layer)
and a metal seed layer (e.g., a copper (Cu) seed layer) that
facilitates electrodeposition of the metal layer that fills the
first via 116.

A second dielectric layer 112 can be positioned above the
first dielectric layer 111. Optionally, a relatively thin dielec-
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tric cap layer 113 (e.g., a silicon nitride (SiN) cap layer) can
be stacked between the first dielectric layer 111 and the sec-
ond dielectric layer 112.

The semiconductor chips 100A, 100B, 100C can further
comprise a dual damascene structure 120. This dual dama-
scene structure 120 can comprise an insulated second via 122
and, particularly, an insulated through-substrate via (TSV),
and an insulated wire 121 that electrically connects the first
via 116 to the insulated second via 122.

Specifically, this dual damascene structure 120 can com-
prise a trench 123, which extends vertically through the sec-
ond dielectric layer 112 and, if applicable, the dielectric cap
layer 113, to the first via 116 and which is relatively wide as
compared to the first via 116. The dual damascene structure
120 can further comprise a via opening 124 that is offset from
the first via 116 (e.g., that is parallel to and physically sepa-
rated from the first via 116) and that extends vertically from
the bottom surface of the trench 123 through the first dielec-
tric layer 111, through any other dielectric layer(s) between
the semiconductor substrate 101 and the first dielectric layer
111 and completely through the semiconductor substrate 101
(i.e., to the bottom surface 102 of the semiconductor substrate
101).

Dielectric spacers 128 can be positioned laterally adjacent
to and can cover the vertical sidewalls of both the second via
opening 124 and the trench 123 within the dual damascene
structure 120 from the bottom surface 102 of the semicon-
ductor substrate 101 to the top surface of the second dielectric
layer 112. These dielectric spacers 128 can comprise, for
example, silicon dioxide (SiO,), spacers, silicon nitride (SiN)
spacers, silicon oxynitride (SiON) spacers, or any other
dielectric spacer suitable for wire and via insulation.

A single metal layer 125 (e.g., a copper (Cu) layer, a
tungsten (W) layer, an aluminum (Al) layer, a cobalt (Co)
layer, a gold (Au) layer, a silver (Ag) layer or any other
suitable metal layer) can fill the via opening 124 and trench
123 so as to form the insulated second via 122 (i.e., the
insulated TSV) and the insulated wire 121, which electrically
connects the first via 116 and the insulated second via 122.
Optionally, the trench 123 and via opening 124 with the
dielectric spacers 128 can be lined with one or more relatively
thin conformal layers 126 such that these layers are posi-
tioned laterally between the metal layer 125 and the dielectric
spacers 128 within both the trench 123 and via opening 124
and further positioned between the metal layer 125 and
exposed horizontal surfaces of the first via 116 and first
dielectric layer 111 within the trench 123. The conformal
layers 126 can comprise, for example, any of the following: a
barrier layer (e.g., a conformal layer of titanium (Ti), titanium
nitride (TiN), titanium silicon nitride (TiSiN), tantalum (Ta),
tantalum nitride (TaN), tantalum silicon nitride (TaSiN),
tungsten (W), tungsten nitride (WN), tungsten silicon nitride
(WSIN) or any other suitable metal or metal alloy layer that
can prevent metal outdiffusion, such as copper (Cu) outdit-
fusion, tungsten (W) outdiffusion, etc.), an adhesion layer
(e.g., a conformal layer of tantalum (Ta), ruthenium (Ru), a
tantalum ruthenium (TaRu) alloy or any other suitable metal
or metal alloy that promotes adhesion of a metal seed layer,
such as a copper (Cu) seed layer, tungsten (W) seed layer, etc.,
to the barrier layer) and a metal seed layer (e.g., a copper (Cu)
seed layer, a tungsten (W) seed layer or any other suitable
metal seed layer) that facilitates electrodeposition of the
metal layer 125 that fills the trench 123 and via opening 124.

As mentioned above, the first via 116 can land on a lower
metal level wire 141 (as shown in FIGS. 1A and 1B). More
specifically, referring to the semiconductor chip 100A of FIG.
1A and 100B of FIG. 1B, the first dielectric layer 111 and the
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second dielectric layer 112 can comprise upper metal level
inter-metal level dielectric layers (i.e., a first upper inter-
metal level dielectric layer and a second upper inter-metal
level dielectric) above a pre-metal level dielectric layer 130
and further above multiple lower metal levels, including at
least one lower metal level wire 141, in a stack 140 of lower
inter-metal level dielectric layers. For purposes of this disclo-
sure, a pre-metal level dielectric layer refers to a below metal
level dielectric layer that isolates metal level wires from the
devices 105 on the semiconductor substrate 101. Such a pre-
metal level dielectric layer 130 can comprise, for example, a
silicon dioxide (Si0O,). For purposes of this disclosure, an
inter-metal level dielectric (IMD) layer refers to a back end of
the line (BEOL) dielectric layer, which is in a metal level
above the semiconductor substrate 101 and which electrically
isolates metal level vias and/or wires contained therein from
other metal level vias and/or wires. The inter-metal level
dielectric layers can comprise, for example, one or more
layers of the following alone and/or in combination: silicon
dioxide (Si0,), a silicon nitride (SiN), borophosphosilicate
glass (BPSG), tetraethyl orthosilicate (TEOS), fluorinated
tetraethyl orthosilicate (FTEOS), etc. For example, the sec-
ond upper inter-metal level dielectric layer can comprise a
lower portion 114 comprising TEOS and an upper portion
115 above the lower portion and comprising FTEOS.

In any case, the first via 116 can extend vertically to the
lower metal level wire 141 in the stack 140 below the first
inter-metal level dielectric layer 111. An additional dielectric
cap layer 152 (e.g., an additional silicon nitride (SiN) cap
layer) can be above the second upper inter-metal level dielec-
tric layer 112 and can extend laterally over the dual dama-
scene structure 120. Additionally, a third upper inter-metal
level dielectric layer 150 can be positioned on the additional
dielectric cap layer 152 and a third via 151 can extend verti-
cally through the third upper inter-metal level dielectric layer
150 and the additional dielectric cap layer 152 to the insulated
wire 121. In this case, depending upon the level of the third
upper inter-metal level dielectric layer 150, either a solder pad
155 (e.g., a metal pad, such as a copper (Cu) pad or any other
suitable metal pad), as shown in the semiconductor chip 100 A
of FIG. 1A, or an upper metal level wire 153, as shown in the
semiconductor chip 100B of FIG. 1B, can be positioned on
the third upper inter-metal level dielectric layer 150 immedi-
ately adjacent to the third via 151. If an upper metal level wire
153 is positioned on the third via 151, as shown in FIG. 1, one
or more additional upper metal level vias and/or wires can be
positioned above the upper metal level wire 153 and
solder pad(s) (not shown) for controlled collapsed chip con-
nection(s) (C4 connections) can be positioned above the addi-
tional upper metal level vias and/or wires. Those skilled in the
art will recognize that solder pad(s) above the metal levels
will allow for electrical connections (e.g., controlled col-
lapsed chip connections (C4 connections) to higher chipsina
stacked-chip module.

Alternatively, the first via 116 can land on a semiconductor
device 105 (as shown in FIG. 1C. More specifically, referring
to the semiconductor chip 100C of FIG. 1C, the first dielectric
layer 111 can comprise a pre-metal level dielectric layer. As
mentioned above, for purposes of this disclosure, a pre-metal
level dielectric layer refers to a below metal level dielectric
layer that isolates metal level wires from the devices 105 on
the semiconductor substrate 101. This pre-metal level dielec-
tric layer can comprise, for example, silicon dioxide (Si0,).
In this case, the first via 116 can comprise a device contact
that extends vertically to a device 105 on the semiconductor
substrate 101 in order to electrically connect that device 105
to the wire 121 and, thereby to the second via 122. Further-
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more, the second dielectric layer 112 can comprise an initial
inter-metal level dielectric layer in a stack 170 of inter-metal
level dielectric layers for multiple metal levels above the
pre-metal level dielectric layer and solder pad(s) (not shown)
for controlled collapsed chip connection(s) (C4 connections),
as discussed above, can be positioned above the metal levels.

Each of the semiconductor chips 100A, 100B, 100C can
further comprise an insulator layer 195 (e.g., a silicon dioxide
(Si0,), layer, a silicon nitride (SiN) layer, a silicon oxynitride
(SiON) layer or any other suitable insulator layer) on the
bottom surface 102 of the semiconductor substrate 101, an
opening in the insulator layer 195 aligned with the insulated
second via 122 and a contact pad 190 (e.g., a metal pad, such
as a copper pad or any other suitable metal pad) at the opening
in the insulator layer 195 immediately adjacent to the insu-
lated second via 122 (i.e., the insulated TSV) and, particu-
larly, immediately adjacent to the metal layer 125 contained
therein. Such a contact pad 190 can allow for electrical con-
nection (e.g., controlled collapsed chip connection (C4 con-
nection)) to a lower chip or chip-carrier in a stacked-chip
module.

It should be noted that in each of the semiconductor chips
100A, 100B and 100C described above, the via opening 124
for the second via 122 can have a simple polygon shape, such
as a rectangular shape (e.g., as shown in the horizontal cross-
section A-A' of FIG. 2A) or a circular shape (e.g., as shown in
the horizontal cross-section A-A' of FIG. 2B). Alternatively,
although not fully illustrated in FIGS. 1A-1C, the via opening
124 for the second via 122 can have a ring shape that is
annular with respect to a column of stacked dielectric dielec-
tric and substrate materials, such as a rectangular ring shape
(e.g., as shown in the horizontal cross-section of FIG. 3A) or
a circular ring shape (e.g., as shown in the horizontal cross-
section of FIG. 3B).

Generally, disclosed herein are methods of forming a semi-
conductor chip, such as the semiconductor chip 100A, 100B
or 100C of FIGS. 1A, 1B and 1C, respectively, having a dual
damascene wire and through-substrate via (TSV) structure
120, which allows for integration into a stacked-chip module
(i.e., for integration into a three-dimensional (3D) chip stack).
Referring to FIG. 4 in combination with FIGS. 1A, 1B and
1C, the method can comprise providing a semiconductor
substrate 101 having a bottom surface 102 and a top surface
103 opposite the bottom surface (402). This semiconductor
substrate 101 can comprise a bulk semiconductor substrate
(e.g., a bulk silicon (Si) substrate) or, alternatively, can com-
prise a semiconductor-on-insulator (SOI) substrate (e.g., a
silicon-on-insulator substrate) or any other suitable semicon-
ductor substrate.

The method can further comprise performing front end of
the line (FEOL) and middle of the line (MOL) processing so
as to form one or more semiconductor devices 105 (e.g., field
effect transistors, bipolar transistors, capacitors, or any other
type of semiconductor device) at the top surface 103 of the
semiconductor substrate 101 (404).

Subsequently, the method can comprise forming (e.g.,
depositing) a first dielectric layer 111 above the semiconduc-
tor substrate 101 and, particularly, above the top surface 103
of the semiconductor substrate 101 opposite the bottom sur-
face 102 (406).

Next, a first via 116 can be formed that extends vertically
through the first dielectric layer 111 (408). Specifically, this
first via 116 can be formed by first using, for example, con-
ventional lithographic patterning and etch techniques to form
a via opening that extends vertically through the first dielec-
tric layer 111. This via opening can be filled with a metal layer
(e.g.,acopper (Cu) layer) using, for example, an electrodepo-
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sition process. Optionally, prior to the metal layer elec-
trodeposition process, this via opening can be lined with one
or more of the following conformal layers: a barrier layer
(e.g., a conformal layer of titanium (Ti), titanium nitride
(TiN), titanium silicon nitride (TiSiN), tantalum (Ta), tanta-
Ium nitride (TaN), tantalum silicon nitride (TaSiN), tungsten
(W), tungsten nitride (WN), tungsten silicon nitride (WSiN)
or any other suitable metal or metal alloy layer that can
prevent metal outdiffusion, such as copper (Cu) outdiffu-
sion), an adhesion layer (e.g., a conformal layer of tantalum
(Ta), ruthenium (Ru), a tantalum ruthenium (TaRu) alloy or
any other suitable metal or metal alloy that promotes adhesion
of'a metal seed layer, such as a copper (Cu) seed layer, to the
barrier layer) and a metal seed layer (e.g., a copper (Cu) seed
layer) that facilitates electrodeposition of the metal layer that
fills the first via 116. As discussed in greater detail below,
depending upon the semiconductor chip being formed (i.e.,
100A, 100B, or 100C), the first via 116 can land on either a
lower metal level wire 141, as shown in FIGS. 1A and 1B, or
a semiconductor device 105, as shown in FIG. 1C.

After the first via 116 is formed, an optional dielectric cap
layer 113 (e.g., a silicon nitride (SiN) layer) and a second
dielectric layer 112 can be formed (e.g., deposited) above the
first dielectric layer 111 (410).

The method can further comprise forming a dual dama-
scene structure 120 comprising an insulated wire 121 in the
second dielectric layer 112 and an insulated second via 122
and, particularly, an insulated through-substrate via (TSV)
that extends vertically from the insulated wire 121 to the
bottom surface 102 of the semiconductor substrate 101 (412).

This process 412 of forming the dual damascene structure
120 can comprise, using conventional lithographic patterning
and etching processes, to form a trench 123, which extends
vertically through the second dielectric layer 112 to the first
via 116 and which is relatively wide as compared to the first
via 116, and to further form a via opening 124 that is offset
from the first via 116 (e.g., that is parallel to and physically
separated from the first via 116) and that extends vertically
from the bottom surface of the trench 123 through the first
dielectric layer 111, through any other dielectric layer(s)
between the semiconductor substrate 101 and the first dielec-
tric layer 111 and into the semiconductor substrate 101 to
some predetermined depth 104 above the bottom surface 102
of the semiconductor substrate 101. This predetermined
depth 104 should be at least equal to the desired thickness of
the semiconductor substrate 101 in the resulting semiconduc-
tor chip 100A, 100B, 100C.

This process 412 of forming the dual damascene structure
120 can further comprise forming dielectric spacers 128 in
the trench 123 and via opening 124 such that they are posi-
tioned laterally adjacent to and cover the vertical sidewalls of
both the second via opening 124 and the trench 123 from the
bottom surface 102 of the semiconductor substrate 101 to the
top surface of the second dielectric layer 112. These dielectric
spacers 128 can be formed, for example, by depositing a
conformal layer of dielectric spacer material (e.g., a layer of
silicon dioxide (Si0,), silicon nitride (SiN), silicon oxyni-
tride (SiON), or any other dielectric spacer material suitable
for wire and via insulation) such that the dielectric spacer
material lines the trench 123 and via opening 124. Then, an
anisotropic etch process can be performed in order to remove
the dielectric spacer material, as well as any dielectric cap
layer 113 material (i.e., any exposed portion of the dielectric
cap layer 113), from the horizontal surfaces of the trench 123,
thereby exposing the first via 116.

Optionally, after the dielectric spacers 128 are formed, the
trench 123 and via opening 124 can be lined with one or more
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conformal layers 126. These conformal layers 126 can com-
prise, for example, any of the following: a barrier layer (e.g.,
a conformal layer of titanium (T1), titanium nitride (TiN),
titanium silicon nitride (TiSiN), tantalum (Ta), tantalum
nitride (TaN), tantalum silicon nitride (TaSiN), tungsten (W),
tungsten nitride (WN), tungsten silicon nitride (WSiN) or any
other suitable metal or metal alloy layer that can prevent metal
outdiffusion, such as copper (Cu) or tungsten (W) outdiffu-
sion), an adhesion layer (e.g., a conformal layer of tantalum
(Ta), ruthenium (Ru), a tantalum ruthenium (TaRu) alloy or
any other suitable metal or metal alloy that promotes adhesion
of'a metal seed layer, such as a copper (Cu) or tungsten (W)
seed layer, to the barrier layer) and a metal seed layer (e.g., a
copper (Cu) seed layer or tungsten (W) seed layer) that facili-
tates electrodeposition of the metal layer 125 that fills the
trench 123 and via opening 124.

A single metal layer 125 (e.g., a copper (Cu) layer, a
tungsten (W) layer, an aluminum (Al) layer, a cobalt (Co)
layer, a gold (Au) layer, a silver (Ag) layer or any other
suitable metal layer) can be deposited (e.g., by electrodepo-
sition) so as to fill the via opening 124, thereby forming the
insulated second via 122 (i.e., the insulated through-substrate
via (TSV)), and further so as to fill the trench 123, thereby
forming the insulated wire 121 such that the insulated wire
121 electrically connects the first via 116 and the insulated
second via 122.

Subsequently, additional back end of the line (BEOL) pro-
cessing can be performed to complete the dual damascene
structure 120 and the semiconductor chip 100A, 100B, 100C
(414). This additional BEOL processing can comprise, for
example, forming upper metal level vias and/or wires and
forming solder pad(s) above the upper metal levels. Those
skilled in the art will recognize that solder pad(s) above the
metal levels will allow for electrical connections (e.g., con-
trolled collapsed chip connections (C4 connections) to higher
chips in a stacked-chip module.

This additional BEOL processing can also comprise thin-
ning the semiconductor substrate 101 (e.g., by grinding, pol-
ishing and/or etching the bottom surface 102) to expose the
insulated second via 122 (i.e., the insulated TSV) at the bot-
tom surface 102 of the semiconductor substrate 101. This
thinning process can comprise removing any exposed confor-
mal liner 126 material (e.g., the barrier layer, adhesion layer
and/or metal seed layer) in order to further expose the metal
layer 125 contained in the insulated second via 122. Option-
ally, the bottom surface 102 of the semiconductor substrate
101 can be etched back such that outer sidewalls of the dielec-
tric spacers 128 are exposed (i.e., such that the insulated
second via 122 extends below the bottom surface 102 of the
semiconductor substrate 101). Next, an insulator layer 195
(e.g., a silicon dioxide (SiO,), layer, a silicon nitride (SiN)
layer, a silicon oxynitride (SiON) layer or any other suitable
insulator layer) can be formed on the bottom surface 102 of
the semiconductor substrate 101 and an opening can be
formed in the insulator layer 195 to expose the insulated
second via 122 (e.g., using lithographically patterning and
etching techniques or chemical mechanical polishing tech-
niques). Subsequently, a contact pad 190 (e.g., a metal pad,
such as a copper (Cu) pad or any other suitable metal pad) can
be formed on (i.e., aligned with and immediately adjacent) to
the insulated second via 122 so as to allow for electrical
connection (e.g., controlled collapsed chip connection (C4
connection)) to a lower chip or a chip carrier in a stacked-chip
module.

It should be noted that in each of the semiconductor chips
100A, 100B and 100C, formed as described above, the via
opening 124 can be patterned and etched at process 412 so
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that the resulting insulated TSV has a simple polygon shape,
such as a rectangular shape (e.g., as shown in the horizontal
cross-section A-A' of FIG. 2A) or a circular shape (e.g., as
shown in the horizontal cross-section A-A' of FIG. 2B). Alter-
natively, although not fully illustrated in FIGS. 1A-1C, the via
opening 124 can be patterned and etched at process 412 so
that the resulting TSV has a ring shape that is annular with
respect to a column of stacked dielectric and substrate mate-
rials, such as a rectangular ring shape (e.g., as shown in the
horizontal cross-section of FIG. 3A) or a circular ring shape
(e.g., as shown in the horizontal cross-section of FIG. 3B).

The following is a more detailed discussion of the method
used to form a semiconductor chip, such as the semiconductor
chip 100A of FIG. 1A or the semiconductor chip 100B of
FIG. 1B. Referring to FIG. 5, the method of forming the
semiconductor chip 100A of FIG. 1A or the semiconductor
chip 100B of FIG. 1B can comprise providing a semiconduc-
tor substrate 101 having a bottom surface 102 and a top
surface 103 opposite the bottom surface (502). This semicon-
ductor substrate 101 can comprise a bulk semiconductor sub-
strate (e.g., a bulk silicon (Si) substrate) or, alternatively, can
comprise a semiconductor-on-insulator (SOI) substrate (e.g.,
a silicon-on-insulator substrate) or any other suitable semi-
conductor substrate.

The method can further comprise performing front end of
the line (FEOL) and middle of the line (MOL) processing so
as to form one or more semiconductor devices 105 (e.g., field
effect transistors, bipolar transistors, capacitors, or any other
type of semiconductor device) at the top surface 103 of the
semiconductor substrate 101 (504, see FIG. 6).

Following device formation at process 504, a pre-metal
level dielectric layer 130 can be formed on the semiconductor
device(s) 105 (506, see FIG. 6). For purposes of this disclo-
sure, a pre-metal level dielectric layer refers to a below metal
level dielectric layer that isolates metal level wires from the
devices 105 on the semiconductor substrate 101. Such a pre-
metal level dielectric layer 130 can comprise, for example, a
silicon dioxide (Si0O,).

Then, multiple lower metal levels, including at least one
lower metal level wire 141, can be formed in a stack 140 of
lower metal level inter-metal level dielectric layers above the
pre-metal level dielectric layer 130 (508, see FIG. 7). For
purposes of this disclosure, an inter-metal level dielectric
(IMD) layer refers to a back end of the line (BEOL ) dielectric
layer, which is in a metal level above the semiconductor
substrate 101 and which electrically isolates metal level vias
and/or wires contained therein from other metal level vias
and/or wires. The inter-metal level dielectric layers can com-
prise, for example, one or more layers of the following alone
and/or in combination: silicon dioxide (Si0O,), a silicon
nitride (SiN), borophosphosilicate glass (BPSG), tetraethyl
orthosilicate (TEOS), and fluorinated tetraethyl orthosilicate
(FTEOS).

Subsequently, the method can comprise forming (e.g.,
depositing) a first upper inter-metal level dielectric layer 111
above the stack 140 (510). Then, a first via 116 can be formed
that extends vertically through the first upper inter-metal level
dielectric layer 111 to the lower metal level wire 141 (512, see
FIG. 8). Specifically, this first via 116 can be formed by first
using, for example, conventional lithographic patterning and
etch techniques to form a via opening that extends vertically
through the first dielectric layer 111 to the lower metal level
wire 141. This via opening can be filled with a metal layer
(e.g., acopper (Cu) layer) using, for example, an electrodepo-
sition process. Optionally, prior to the metal layer elec-
trodeposition process, this via opening can be lined with one
or more of the following conformal layers: a barrier layer
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(e.g., a conformal layer of titanium (Ti), titanium nitride
(TiN), titanium silicon nitride (TiSiN), tantalum (Ta), tanta-
Ium nitride (TaN), tantalum silicon nitride (TaSiN), tungsten
(W), tungsten nitride (WN), tungsten silicon nitride (WSiN)
or any other suitable metal or metal alloy layer that can
prevent metal outdiffusion, such as copper (Cu) outdiffu-
sion), an adhesion layer (e.g., a conformal layer of tantalum
(Ta), ruthenium (Ru), a tantalum ruthenium (TaRu) alloy or
any other suitable metal or metal alloy that promotes adhesion
of'a metal seed layer, such as a copper (Cu) seed layer, to the
barrier layer) and a metal seed layer (e.g., a copper (Cu) seed
layer) that facilitates electrodeposition of the metal layer that
fills the first via 116.

Then, an optional dielectric cap layer 113 (e.g., a silicon
nitride (SiN) layer) and a second upper inter-metal level
dielectric layer 112 can be formed (e.g., deposited) above the
first upper inter-metal level dielectric layer 111 (514, see FIG.
9). The second upper inter-metal level dielectric layer 112
can, for example, be deposited so as to have a lower portion
114 comprising tetraethyl orthosilicate (TEOS) and an upper
portion 115 above the lower portion and comprising fluori-
nated tetraethyl orthosilicate (FTEOS).

The method can further comprise forming a dual dama-
scene structure 120 comprising an insulated wire 121 in the
second upper inter-metal level dielectric layer 112 and an
insulated second via 122 and, particularly, an insulated
through-substrate via (TSV) that extends vertically from the
insulated wire 121 to the bottom surface 102 of the semicon-
ductor substrate 101 (516).

FIG. 10 is a flow diagram further detailing the process 516
of forming the dual damascene structure 120 for the semicon-
ductor chip 100A of FIG. 1A or for the semiconductor chip
100B of FIG. 1B. Specifically, conventional lithographic pat-
terning and etching processes can be used to form a trench
123, which extends vertically through the second dielectric
layer 112 to the first via 116 and which is relatively wide as
compared to the first via 116, and to further form a via open-
ing 124 that is offset from the first via 116 (e.g., that is parallel
to and physically separated from the first via 116) and that
extends vertically from the bottom surface of the trench 123
through the first dielectric layer 111, through any other
dielectric layer(s) between the semiconductor substrate 101
and the first dielectric layer 111 (see detailed discussion
below) and into the semiconductor substrate 101 to some
predetermined depth 104 above the bottom surface 102 of the
semiconductor substrate 101 (1002, see FIG. 11). This pre-
determined depth 104 should be at least equal to the desired
thickness of the semiconductor substrate 101 in the resulting
semiconductor chip 100A or 100B. Those skilled in the art
will recognize that order within which the trench and via
opening are patterned and etched may vary.

Next, dielectric spacers 128 can be formed in the trench
123 and via opening 124 such that they are positioned later-
ally adjacent to and cover the vertical sidewalls of both the
second via opening 124 and the trench 123 from the bottom
surface 102 of the semiconductor substrate 101 to the top
surface of the second dielectric layer 112 (1004, see FIG. 12).
These dielectric spacers 128 can be formed, for example, by
depositing a conformal layer of dielectric spacer material
(e.g., a layer of silicon dioxide (SiO,), silicon nitride (SiN),
silicon oxynitride (SiON), or any other dielectric spacer
material suitable for wire and via insulation) such that the
dielectric spacer material lines the trench 123 and via opening
124. Then, an anisotropic etch process can be performed in
order to remove the dielectric spacer material, as well as any
dielectric cap 113 material, from the horizontal surfaces of
the trench 123, thereby exposing the first via 116.

25

35

40

45

50

55

14

Optionally, after the dielectric spacers 128 are formed, the
trench 123 and via opening 124 can be lined with one or more
conformal layers 126 (1006, see FIG. 13). These conformal
layers 126 can comprise, for example, any of the following: a
barrier layer (e.g., a conformal layer of titanium (T1), titanium
nitride (TiN), titanium silicon nitride (TiSiN), tantalum (Ta),
tantalum nitride (TaN), tantalum silicon nitride (TaSiN),
tungsten (W), tungsten nitride (WN), tungsten silicon nitride
(WSIN) or any other suitable metal or metal alloy layer that
can prevent metal outdiffusion, such as copper (Cu) or tung-
sten (W) outdiffusion), an adhesion layer (e.g., a conformal
layer of tantalum (Ta), ruthenium (Ru), a tantalum ruthenium
(TaRu) alloy or any other suitable metal or metal alloy that
promotes adhesion of a metal seed layer, such as a copper
(Cu) or tungsten (W) seed layer, to the barrier layer) and a
metal seed layer (e.g., a copper (Cu) seed layer or tungsten
(W) seed layer) that facilitates electrodeposition of the metal
layer 125 that fills the trench 123 and via opening 124. Then,
a single metal layer 125 (e.g., a copper (Cu) layer, a tungsten
(W) layer, an aluminum (Al) layer, a cobalt (Co) layer, a gold
(Au) layer, a silver (Ag) layer or any other suitable metal
layer) can be deposited (e.g., by electrodeposition) so as to fill
the via opening 124, thereby forming the insulated second via
122 (i.e., the insulated through-substrate via (TSV)), and
further so as to fill the trench 123, thereby forming the insu-
lated wire 121 such that the insulated wire 121 electrically
connects the first via 116 and the insulated second via 122
(1008, see FIG. 13). Following electrodeposition of the metal
layer 125 and chemical mechanical polishing process can be
performed.

It should be noted that in each of the semiconductor chips
100A and 100B, formed as described above, the via opening
124 can be patterned and etched at process 1004 so that the
resulting insulated TSV has a simple polygon shape, such as
a rectangular shape (e.g., as shown in the horizontal cross-
section A-A' of FIG. 2A) or a circular shape (e.g., as shown in
the horizontal cross-section A-A' of FIG. 2B). Alternatively,
although not fully illustrated in FIGS. 1A-1C, the via opening
124 can be patterned and etched at process 1004 so that the
resulting TSV has a ring shape that is annular with respect to
a column of stacked dielectric and substrate materials, such as
a rectangular ring shape (e.g., as shown in the horizontal
cross-section of FIG. 3A) or a circular ring shape (e.g., as
shown in the horizontal cross-section of FIG. 3B).

Referring again to FIG. 5, the method can further perform-
ing additional back end of the line (BEOL) processing to
complete the dual damascene structure 120 and the semicon-
ductor chip 100A or 100B (518). Specifically, for the semi-
conductor chip 100A of FIG. 1A, the additional BEOL pro-
cessing 518 can comprise forming an additional dielectric cap
layer 152 and a third upper inter-metal level dielectric layer
150 on the second upper inter-metal level dielectric layer 112
above the dual damascene structure 120, forming a third via
151 that extends vertically through the third upper inter-metal
level dielectric layer 150 to the insulated wire 121, and form-
ing a solder pad 155 (e.g., a metal pad, such as a copper (Cu)
pad or any other suitable metal pad) for a controlled collapsed
chip connection on the third upper inter-metal level dielectric
layer 150 immediately adjacent to the third via 151. For the
semiconductor chip 100B of FIG. 1B, the additional BEOL
processing 518 can similarly comprise forming an additional
dielectric cap layer 152 and a third upper inter-metal level
dielectric layer 150 on the second upper inter-metal level
dielectric layer 112 above the dual damascene structure 120
and forming a third via 151 that extends vertically through the
third upper inter-metal level dielectric layer 150 to the insu-
lated wire 121. Then, an upper metal level wire 153 can be
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formed on the third upper inter-metal level dielectric layer
150 immediately adjacent to the third via 151. Formation of
this upper metal level wire 153 can be followed by the for-
mation of additional upper metal level vias and/or wires, if
necessary, and the formation of solder pad(s) above the metal
levels (not shown). As discussed above, solder pad(s) above
the metal levels will allow for electrical connections (e.g.,
controlled collapsed chip connections (C4 connections) to
higher chips in a stacked-chip module.

In either case, this additional BEOL processing 518 can
also comprise thinning the semiconductor substrate 101 (e.g.,
by grinding, polishing and/or etching the bottom surface 102)
to expose the insulated second via 122 (i.e., the insulated
TSV) at the bottom surface 102 of the semiconductor sub-
strate 101. This thinning process can comprise removing any
exposed conformal liner 126 material (e.g., the barrier layer,
adhesion layer and/or metal seed layer) in order to further
expose the metal layer 125 contained in the insulated second
via 122. Optionally, the bottom surface 102 of the semicon-
ductor substrate 101 can be etched back such that outer side-
walls of the dielectric spacers 128 are exposed (i.e., such that
the insulated second via 122 extends below the bottom sur-
face 102 of the semiconductor substrate 101). Next, an insu-
lator layer 195 (e.g., a silicon dioxide (Si0,), layer, a silicon
nitride (SiN) layer, a silicon oxynitride (SiON) layer or any
other suitable insulator layer) can be formed on the bottom
surface 102 of the semiconductor substrate 101 and an open-
ing can be formed in the insulator layer 195 to expose the
insulated second via 122 (e.g., using lithographically pattern-
ing and etching techniques or chemical mechanical polishing
techniques). Subsequently, a contact pad 190 (e.g., a metal
pad, such as a copper (Cu) pad or any other suitable metal
pad) can be formed on (i.e., aligned with and immediately
adjacent) to the insulated second via 122 so as to allow for
electrical connection (e.g., controlled collapsed chip connec-
tion (C4 connection)) to a lower chip or a chip carrier in a
stacked-chip module.

The following is a more detailed discussion of the method
used to form a semiconductor chip, such as the semiconductor
chip 100C of FIG. 1C. Referring to FIG. 14, the method of
forming the semiconductor chip 100C of FIG. 1C can com-
prise providing a semiconductor substrate 101 having a bot-
tom surface 102 and a top surface 103 opposite the bottom
surface (1402). This semiconductor substrate 101 can com-
prise a bulk semiconductor substrate (e.g., a bulk silicon (Si)
substrate) or, alternatively, can comprise a semiconductor-on-
insulator (SOI) substrate (e.g., a silicon-on-insulator sub-
strate) or any other suitable semiconductor substrate.

The method can further comprise performing front end of
the line (FEOL) and middle of the line (MOL) processing so
as to form one or more semiconductor devices 105 (e.g., field
effect transistors, bipolar transistors, capacitors, or any other
type of semiconductor device) at the top surface 103 of the
semiconductor substrate 101 (1404, see FIG. 15).

Following device formation at process 1404, a first dielec-
tric layer 111 and, particularly, a pre-metal level dielectric
layer can be formed on the semiconductor device(s) 105
(1406, see FIG. 16). For purposes of this disclosure, a pre-
metal level dielectric layer refers to a below metal level
dielectric layer that isolates metal level wires from the devices
105 on the semiconductor substrate 101. Such a pre-metal
level dielectric layer 130 can comprise, for example, a silicon
dioxide (SiO,). Then, a first via 116 can be formed that
extends vertically through the first dielectric layer 111 to a
semiconductor device 105 (1408, see FIG. 17). Specifically,
this first via 116 can be formed by first using, for example,
conventional lithographic patterning and etch techniques to
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form a via opening that extends vertically through the first
dielectric layer 111 to the semiconductor device 105. This via
opening can be filled with a metal layer (e.g., a copper (Cu)
layer) using, for example, an electrodeposition process.
Optionally, prior to the metal layer electrodeposition process,
this via opening can be lined with one or more of the follow-
ing conformal layers: a barrier layer (e.g., a conformal layer
of titanium (Ti), titanium nitride (TiN), titanium silicon
nitride (TiSiN), tantalum (Ta), tantalum nitride (TaN), tanta-
lum silicon nitride (TaSiN), tungsten (W), tungsten nitride
(WN), tungsten silicon nitride (WSiN) or any other suitable
metal or metal alloy layer that can prevent metal outdiftusion,
such as copper (Cu) outdiffusion), an adhesion layer (e.g., a
conformal layer of tantalum (Ta), ruthenium (Ru), a tantalum
ruthenium (TaRu) alloy or any other suitable metal or metal
alloy that promotes adhesion of a metal seed layer, such as a
copper (Cu) seed layer, to the barrier layer) and a metal seed
layer (e.g., a copper (Cu) seed layer) that facilitates elec-
trodeposition of the metal layer that fills the first via 116.

Then, an optional dielectric cap layer 113 (e.g., a silicon
nitride (SiN) layer) and a second dielectric layer 112 and,
particularly, an initial inter-metal level dielectric layer can be
formed (e.g., deposited) above the first dielectric layer 111
(1410, see FIG. 18).

The method can further comprise forming a dual dama-
scene structure 120 comprising an insulated wire 121 in the
second dielectric layer 112 and an insulated second via 122
and, particularly, an insulated through-substrate via (TSV)
that extends vertically from the insulated wire 121 to the
bottom surface 102 of the semiconductor substrate 101
(1412).

FIG.101s a flow diagram further detailing the process 1412
of forming the dual damascene structure 120 for the semicon-
ductor chip 100C of FIG. 1C. Specifically, conventional litho-
graphic patterning and etching processes can be used to form
a trench 123, which extends vertically through the second
dielectric layer 112 to the first via 116 and which is relatively
wide as compared to the first via 116, and to further form a via
opening 124 that is offset from the first via 116 (e.g., that is
parallel to and physically separated from the first via 116) and
that extends vertically from the bottom surface of the trench
123 through the first dielectric layer 111 and into the semi-
conductor substrate 101 some predetermined depth above the
bottom surface 102 of the semiconductor substrate 101 (1902,
see FIG. 20). This predetermined depth 104 should be at least
equal to the desired thickness of the semiconductor substrate
101 in the resulting semiconductor chip 100C. Those skilled
in the art will recognize that order within which the trench and
via opening are patterned and etched may vary.

Next, dielectric spacers 128 can be formed in the trench
123 and via opening 124 such that they are positioned later-
ally adjacent to and cover the vertical sidewalls of both the
second via opening 124 and the trench 123 from the bottom
surface 102 of the semiconductor substrate 101 to the top
surface of the second dielectric layer 112 (1904, see FIG. 21).
These dielectric spacers 128 can be formed, for example, by
depositing a conformal layer of dielectric spacer material
(e.g., a layer of silicon dioxide (SiO,), silicon nitride (SiN),
silicon oxynitride (SiON), or any other dielectric spacer
material suitable for wire and via insulation) such that the
dielectric spacer material lines the trench 123 and via opening
124. Then, an anisotropic etch process can be performed in
order to remove the dielectric spacer material, as well as any
dielectric cap 113 material, from the horizontal surfaces of
the trench 123, thereby exposing the first via 116.

Optionally, after the dielectric spacers 128 are formed, the
trench 123 and via opening 124 can be lined with one or more
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conformal layers 126 (1906, see FIG. 22). These conformal
layers 126 can comprise, for example, any of the following: a
barrier layer (e.g., a conformal layer of titanium (Ti), titanium
nitride (TiN), titanium silicon nitride (TiSiN), tantalum (Ta),
tantalum nitride (TaN), tantalum silicon nitride (TaSiN),
tungsten (W), tungsten nitride (WN), tungsten silicon nitride
(WSIN) or any other suitable metal or metal alloy layer that
can prevent metal outdiffusion, such as copper (Cu) or tung-
sten (W) outdiffusion), an adhesion layer (e.g., a conformal
layer of tantalum (Ta), ruthenium (Ru), a tantalum ruthenium
(TaRu) alloy or any other suitable metal or metal alloy that
promotes adhesion of a metal seed layer, such as a copper
(Cu) or tungsten (W) seed layer, to the barrier layer) and a
metal seed layer (e.g., a copper (Cu) seed layer, tungsten (W)
seed layer or other suitable metal seed layer) that facilitates
electrodeposition of the metal layer 125 that fills the trench
123 and via opening 124. Finally, a single metal layer 125
(e.g., acopper (Cu) layer, a tungsten (W) layer, an aluminum
(Al) layer, a cobalt (Co) layer, a gold (Au) layer, a silver (Ag)
layer or any other suitable metal layer) can be deposited (e.g.,
by electrodeposition) so as to fill the via opening 124, thereby
forming the insulated second via 122 (i.e., the insulated
through-substrate via (TSV)), and further so as to fill the
trench 123, thereby forming the insulated wire 121 such that
the insulated wire 121 electrically connects the first via 116
and the insulated second via 122 (1908, see FIG. 22). Follow-
ing electrodeposition of the metal layer 125 and chemical
mechanical polishing process can be performed.

It should be noted that in the semiconductor chip 100C,
formed as described above, the via opening 124 can be pat-
terned and etched at process 1904 so that the resulting insu-
lated TSV has a simple polygon shape, such as a rectangular
shape (e.g., as shown in the horizontal cross-section A-A' of
FIG. 2A) or a circular shape (e.g., as shown in the horizontal
cross-section A-A' of FIG. 2B). Alternatively, although not
fully illustrated in FIGS. 1A-1C, the via opening 124 can be
patterned and etched at process 1004 so that the resulting TSV
has a ring shape that is annular with respect to a column of
stacked dielectric and substrate materials, such as a rectan-
gular ring shape (e.g., as shown in the horizontal cross-sec-
tion of FIG. 3A) or a circular ring shape (e.g., as shown in the
horizontal cross-section of FIG. 3B).

Referring again to FIG. 14, the method can further com-
prise performing additional back end of the line (BEOL)
processing to complete the dual damascene structure 120 and
the semiconductor chip 100C (1414). Specifically, this addi-
tional BEOL processing 1414 can comprise forming an addi-
tional dielectric cap layer 152 and a third dielectric layer 150
on the second dielectric layer 112 above the dual damascene
structure 120 and forming a third via 151 that extends verti-
cally through the third dielectric layer 150 to the insulated
wire 12. Then, an upper metal level wire 153 can be formed on
the third dielectric layer 150 immediately adjacent to the third
via 151. Formation of this upper metal level wire 153 can be
followed by the formation of additional upper metal level vias
and/or wires and the formation of solder pad(s) above the
metal levels (not shown). As discussed above, solder pad(s)
above the metal levels will allow for electrical connections
(e.g., controlled collapsed chip connections (C4 connections)
to higher chips in a stacked-chip module.

This additional BEOL processing 1414 can also comprise
thinning the semiconductor substrate 101 (e.g., by grinding,
polishing and/or etching the bottom surface 102) to expose
the insulated second via 122 (i.e., the insulated TSV) at the
bottom surface 102 of the semiconductor substrate 101. This
thinning process can comprise removing any exposed confor-
mal liner 126 material (e.g., the barrier layer, adhesion layer
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and/or metal seed layer) in order to further expose the metal
layer 125 contained in the insulated second via 122. Option-
ally, the bottom surface 102 of the semiconductor substrate
101 can be etched back such that outer sidewalls of the dielec-
tric spacers 128 are exposed (i.e., such that the insulated
second via 122 extends below the bottom surface 102 of the
semiconductor substrate 101). Next, an insulator layer 195
(e.g., a silicon dioxide layer, a silicon nitride layer, a silicon
oxynitride layer or any other suitable insulator layer) can be
formed on the bottom surface 102 of the semiconductor sub-
strate 101 and an opening can be formed in the insulator layer
195 to expose the insulated second via 122 (e.g., using litho-
graphically patterning and etching techniques or chemical
mechanical polishing techniques). Subsequently, a contact
pad 190 (e.g., a metal pad, such as a copper pad or any other
suitable metal pad) can be formed on (i.e., aligned with and
immediately adjacent) to the insulated second via 122 so as to
allow for electrical connection (e.g., controlled collapsed
chip connection (C4 connection)) to a lower chip or a chip
carrier in a stacked-chip module.

It should be noted that the terminology used herein is for
the purpose of describing the disclosed methods and struc-
tures and is not intended to be limiting. For example, as used
herein, the singular forms “a”, “an” and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. As used herein, the terms “comprises”
“comprising”, “includes” and/or “including”, specify the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.
Additionally, it should be understood that the corresponding
structures, materials, acts, and equivalents of all means or step
plus function elements in the claims below are intended to
include any structure, material, or act for performing the
function in combination with other claimed elements as spe-
cifically claimed.

The descriptions of the various embodiments ofthe present
invention have been presented for purposes of illustration, but
are not intended to be exhaustive or limited to the embodi-
ments disclosed. Many modifications and variations will be
apparent to those of ordinary skill in the art without departing
from the scope and spirit of the described embodiments. The
terminology used herein was chosen to best explain the prin-
ciples of the embodiments, the practical application or tech-
nical improvement over technologies found in the market-
place, or to enable others of ordinary skill in the art to
understand the embodiments disclosed herein.

Therefore, disclosed above is a semiconductor chip having
a dual damascene insulated wire and insulated through-sub-
strate via (TSV) structure, which allows for integration into a
stacked-chip module (i.e., into a three-dimensional (3D) chip
stack). Also disclosed herein are methods of forming such a
semiconductor chip. Specifically, the methods incorporate a
dual damascene technique wherein a trench and via opening
are formed in dielectric layers above a semiconductor sub-
strate such that the trench is above a first via (e.g., to an
on-chip device or lower metal level wire) and the via opening
is positioned laterally adjacent to the first via and extends
vertically from the bottom surface of the trench to the bottom
surface of the semiconductor substrate. Dielectric spacers are
formed on the vertical sidewalls of the trench and via opening.
Then, a metal layer is deposited in order to simultaneously
form an insulated wire in the trench and an insulated second
via and, particularly, an insulated through-substrate via
(TSV) in the via opening aligned below the trench. Thus, the
insulated wire electrically connects the insulated TSV to the
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first via and, thereby to an on-chip device or lower metal level
wire below. Additional back end of the line (BEOL) process-
ing can be performed to complete the semiconductor chip.
This additional BEOL processing can comprise, for example,
upper metal level via and/or wire formation, solder pad for-
mation for controlled collapsed chip connections (C4 connec-
tions), thinning the semiconductor substrate to expose the
insulated TSV at the bottom surface, etc. By using such a dual
damascene technique the costs and processing times associ-
ated with insulated TSV formation and, thereby semiconduc-
tor chip formation can be reduced.

What is claimed is:

1. A method of forming a semiconductor chip, said method
comprising:

providing a semiconductor substrate having a bottom sur-

face;

forming a first dielectric layer above said semiconductor

substrate;

forming a first via extending vertically through said first

dielectric layer;

forming a second dielectric layer above said first dielectric

layer; and,

forming a dual damascene structure comprising an insu-

lated wire and an insulated second via, said insulated
wire being in said second dielectric layer and electrically
connecting said first via and said insulated second via
and said insulated second via extending vertically from
said insulated wire to said bottom surface.

2. The method of claim 1, said forming of said dual dama-
scene structure comprising:

forming a via opening and a trench such that said trench

extends vertically through said second dielectric layer to
said first via and such that said via opening is offset from
said first via and extends vertically from said trench and
into said semiconductor substrate;

forming dielectric spacers on vertical sidewalls of said via

opening and said trench;

after said forming of said dielectric spacers, depositing a

metal layer so as to fill said via opening to form said
insulated second via and so as to further fill said trench to
form said insulated wire electrically connecting said first
via and said insulated second via; and,

thinning said semiconductor substrate to expose said insu-

lated second via at said bottom surface.

3. The method of claim 2, said via opening being litho-
graphically patterned so as to have any of a circular shape, a
circular ring shape, a rectangular shape and a rectangular ring
shape.

4. The method of claim 2, said depositing of said metal
layer comprising performing an electrodeposition process.

5. The method of claim 2, said forming of said dual dama-
scene structure further comprising, after said forming of'said
dielectric spacers and before said depositing of said metal
layer, lining said via opening and said trench with at least one
of a barrier layer, an adhesion layer and a metal seed layer.

6. The method of claim 1, said first dielectric layer and said
second dielectric layer comprising a first upper inter-metal
level dielectric layer and a second upper inter-metal level
dielectric above multiple lower metal levels in a stack of
lower inter-metal level dielectric layers on said semiconduc-
tor substrate and said first via extending vertically to a lower
metal level wire in said stack.

7. The method of claim 6, further comprising forming,
above said dual damascene structure, a third upper inter-metal
level dielectric layer, a third via extending vertically through
said third upper inter-metal level dielectric layer to said insu-
lated wire and any one of an upper metal level wire and a
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solder pad for a controlled collapsed chip connection on said
third upper inter-metal level dielectric layer immediately
adjacent to said third via.

8. The method of claim 1, said first dielectric layer com-
prising a pre-metal level dielectric layer and said first via
comprising a device contact that extends vertically to adevice
on said semiconductor substrate.

9. A method of forming a semiconductor chip, said method
comprising:

providing a semiconductor substrate having a bottom sur-

face;

forming multiple lower metal levels in a stack of lower

inter-metal level dielectric layers above said semicon-
ductor substrate;

forming a first upper inter-metal level dielectric layer on

said stack;

forming a first via extending vertically through said first

upper inter-metal level dielectric layer to a lower metal
level wire in said stack;
forming a second upper inter-metal level dielectric layer
above said first upper inter-metal level dielectric layer;

forming a dual damascene structure comprising insulated
wire and an insulated second via, said insulated wire
being in said second upper inter-metal level dielectric
layer and electrically connecting said first via and said
insulated second via and said insulated second via
extending vertically from said insulated wire and into
said semiconductor substrate;

forming, above said dual damascene structure, a third

upper inter-metal level dielectric layer, a third via
extending vertically through said third upper inter-metal
level dielectric layer to said insulated wire and any one
of a solder pad and an upper metal level wire on said
third upper inter-metal level dielectric layer immedi-
ately adjacent to said third via; and,

thinning said semiconductor substrate to expose said insu-

lated second via at said bottom surface.

10. The method of claim 9, said forming of said dual
damascene structure comprising:

forming a via opening and a trench such that said trench

extends vertically through said second upper inter-metal
level dielectric layer to said first via and such that said
via opening is offset from said first via and extends
vertically from said trench and into said semiconductor
substrate;

forming dielectric spacers on vertical sidewalls of said via

opening and said trench; and

after said forming of said dielectric spacers, depositing a

metal layer so as to fill said via opening to form said
insulated second via and so as to further fill said trench to
form said insulated wire electrically connecting said first
via and said insulated second via.

11. The method of claim 10 said via opening being litho-
graphically patterned so as to have any of a circular shape, a
circular ring shape, a rectangular shape and a rectangular ring
shape.

12. The method of claim 10,

said method further comprising, before said forming of

said second upper inter-metal level dielectric layer,
forming a dielectric cap layer on said first upper inter-
metal level dielectric layer, and

said forming of said dual damascene structure further com-

prising, after said forming of said dielectric spacers,
removing an exposed portion of said dielectric cap layer
in said trench to expose said first via.

13. The method of claim 10, said depositing of said metal
layer comprising performing an electrodeposition process.
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14. The method of claim 10, said forming of said dual
damascene structure further comprising, after said forming of
said dielectric spacers and before said depositing of said
metal layer, lining said trench and said via opening with at
least one of a barrier layer, an adhesion layer and a metal seed 5
layer.
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